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$%675$&735 
8VLQJPLFURRUJDQLVPVWRUHPRYHZDVWHDQGRUQHXWUDOL]HSROOXWDQWVIURPFRQWDPLQDWHGZDWHULV36 
DWWUDFWLQJ PXFK DWWHQWLRQ GXH WR WKH HQYLURQPHQWDOO\ IULHQGO\ QDWXUH RI WKLV PHWKRGRORJ\37 
+RZHYHUFHOOUHFRYHU\UHPDLQVDERWWOHQHFNDQGDFRQVLGHUDEOHFKDOOHQJHIRUWKHGHYHORSPHQW38 
RIWKLVSURFHVV0DJQHWRWDFWLFEDFWHULDDUHDXQLTXHJURXSRIRUJDQLVPVWKDWFDQEHPDQLSXODWHG39 
E\DQH[WHUQDOPDJQHWLFILHOGGXHWRWKHSUHVHQFHRIELRJHQLFPDJQHWLWHFU\VWDOVIRUPHGZLWKLQ40 
WKHLUFHOOV,QWKLVVWXG\ZHGHPRQVWUDWHGWKHILUVWDFFRXQWRIDFFXPXODWLRQDQGSUHFLSLWDWLRQRI41 
DPRUSKRXV HOHPHQWDO VHOHQLXP QDQRSDUWLFOHV ZLWKLQ PDJQHWRWDFWLF EDFWHULD DORQJVLGH DQG42 
LQGHSHQGHQWO\ WR PDJQHWLWH FU\VWDO ELRPLQHUDOLVDWLRQ ZKHQ JURZQ LQ D PHGLXP FRQWDLQLQJ43 
VHOHQLXPR[\DQLRQ6H24XDQWLWDWLYHDQDO\VLVVKRZVWKDWPDJQHWRWDFWLFEDFWHULDDFFXPXODWH44 
WKH KLJKHVW DPRXQW RI WDUJHW PROHFXOHV 6H SHU FHOO WKDQ DQ\ RWKHU SUHYLRXVO\ UHSRUWHG RI45 
QRQIHUURXV PHWDOPHWDOORLG )RU H[DPSOH  DQG  WLPHV PRUH 6H LV DFFXPXODWHG ZKHQ46 
FRPSDUHG WR 7H XSWDNHQ LQWR FHOOV DQG &G DGVRUSWLRQ RQWR WKH FHOO VXUIDFH UHVSHFWLYHO\47 
&UXFLDOO\WKHEDFWHULDZLWKKLJKOHYHOVRI6HDFFXPXODWLRQZHUHVXFFHVVIXOO\UHFRYHUHGZLWKDQ48 
H[WHUQDOPDJQHWLFILHOG7KLVELRPDJQHWLFUHFRYHU\DQGHIIHFWLYHDFFXPXODWLRQRIWDUJHWHOHPHQWV49 
GHPRQVWUDWHWKHSRWHQWLDOIRUDSSOLFDWLRQLQELRUHPHGLDWLRQRISROOXWHGZDWHU50 
51 
,03257$1&(52 
7KH GHYHORSPHQW RI D WHFKQLTXH IRU HIIHFWLYH HQYLURQPHQWDO ZDWHU UHPHGLDWLRQ LV XUJHQWO\53 
UHTXLUHG DFURVV WKH JOREH $ ELRORJLFDO UHPHGLDWLRQ SURFHVV RI ZDVWH UHPRYDO DQGRU54 
QHXWUDOL]DWLRQRISROOXWDQWIURPFRQWDPLQDWHGZDWHUXVLQJPLFURRUJDQLVPKDVJUHDWSRWHQWLDOEXW55 
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FHOOUHFRYHU\UHPDLQVDERWWOHQHFN0DJQHWRWDFWLFEDFWHULDV\QWKHVL]HPDJQHWLFSDUWLFOHVZLWKLQ56 
WKHLUFHOOVZKLFKFDQEHUHFRYHUHGE\DPDJQHWLFILHOG+HUHLQZHUHSRUW WKHILUVWH[DPSOHRI57 
DFFXPXODWLRQ DQG SUHFLSLWDWLRQ RI DPRUSKRXV HOHPHQWDO VHOHQLXP QDQRSDUWLFOHV ZLWKLQ58 
PDJQHWRWDFWLF EDFWHULD LQGHSHQGHQW RI PDJQHWLF SDUWLFOH V\QWKHVLV 7KH FHOOV ZHUH DEOH WR59 
DFFXPXODWHWKHKLJKHVWDPRXQWRI6HFRPSDUHGWRRWKHUIRUHLJQHOHPHQWV0RUHLPSRUWDQWO\WKH60 
6H DFFXPXODWLQJ EDFWHULD ZHUH VXFFHVVIXOO\ UHFRYHUHG ZLWK DQ H[WHUQDO PDJQHWLF ILHOG :H61 
EHOLHYHPDJQHWRWDFWLFEDFWHULDFRQIHUXQLTXHDGYDQWDJHVRIELRPDJQHWLFFHOOUHFRYHU\DQGRI6H62 
DFFXPXODWLRQSURYLGLQJDQHZDQGHIIHFWLYHPHWKRGRORJ\IRUELRUHPHGLDWLRQRISROOXWHGZDWHU 63 
64 
,1752'8&7,2165 
 (QYLURQPHQWDO UHPHGLDWLRQ D WHFKQLTXH RI ZDVWH UHPRYDO DQGRU QHXWUDOL]DWLRQ RI SROOXWDQW66 
IURP D FRQWDPLQDWHG VLWH LV DQ DWWUDFWLYH ILHOG EHFDXVH RI WKH LQFUHDVLQJ GLIILFXOW\ DQG67 
LPSRUWDQFH RI SXUH ZDWHU DFTXLVLWLRQ LQ ERWK GHYHORSLQJ DQG LQGXVWULDO FRXQWULHV $PRQJ WKH68 
YDULRXV WHFKQRORJLHV IRU HQYLURQPHQWDO ZDWHU UHPHGLDWLRQ ELRUHFRYHU\ RI ZDVWH XVLQJ69 
PLFURRUJDQLVPVKDVJUHDWSRWHQWLDODQGLVDQHQYLURQPHQWDOO\IULHQGO\DOWHUQDWLYHWRFRQYHQWLRQDO70 
WHFKQLTXHV VXFK DV UHFODLPDWLRQ WUHDWPHQW ± 6WXGLHV RI WKH ZDVWH ELRVRUSWLRQ RQWR71 
PLFURRUJDQLVPVDQGXSWDNHLQWRFHOOVKDYHEHHQZHOOGHPRQVWUDWHGEXWFHOOUHFRYHU\UHPDLQVD72 
ERWWOHQHFN LQ WKLV DSSURDFKEHFDXVH VFDOHXS RI FROOHFWLRQ PHWKRGV VXFK DV FHQWULIXJDWLRQ DQG73 
ILOWUDWLRQSURYLGHVDKXJHORJLVWLFDODQGPRQHWDU\FKDOOHQJH74 
 0DJQHWRWDFWLFEDFWHULDDUHXQLTXHSURNDU\RWHVUHFRJQL]HGE\WKHLUUHVSRQVHWRDPDJQHWLFILHOG75 
7KLVLVGXH WRWKHSUHVHQFHRIPDJQHWLFQDQRSDUWLFOHVRI)H2RU)H6ZLWKLQWKHFHOOV±76 
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7KHSDUWLFOHIRUPDWLRQRFFXUVZLWKLQDQRUJDQHOOHFDOOHGDPDJQHWRVRPHZKLFKLVIRUPHGDORQJ77 
WKH LQWUDFHOOXODU ILODPHQWRXV VWUXFWXUH ±7KH PDJQHWRVRPHV FRQIHU DPDJQHWLFPRPHQW WR78 
WKH FHOOV DOORZLQJ WKHP WR PLJUDWH LQ DTXDWLF HQYLURQPHQW XQGHU WKH LQIOXHQFH RI WKH (DUWK¶V79 
JHRPDJQHWLF ILHOG :H KDYH DOUHDG\ LQYHVWLJDWHG WKH XVH RI PDJQHWRWDFWLF EDFWHULD IRU WKH80 
ELRPDJQHWLFUHFRYHU\RIWR[LFDQGRUYDOXDEOHPHWDOVDQGPHWDOORLGVXFKDV&G$X81 
DQG7H ,QWKHVHVWXGLHV&GDQG$X&OZHUHPDLQO\DGVRUEHGRQWRWKHFHOOVXUIDFH82 
 ZKLOH WKH 7H R[\DQLRQ 7H2 ZDV UHGXFHG DQG ELRPLQHUDOL]HG DV GLVFUHWH LQGHSHQGHQW83 
HOHPHQWDO7HQDQRFU\VWDOVZLWKLQWKHFHOOVZLWKQRLQFRUSRUDWLRQLQWRWKHPDJQHWLWHFU\VWDOV84 
7KH GXDO FU\VWDOOL]DWLRQ RI WHOOXULXP DQG PDJQHWLWH E\ PDJQHWRWDFWLF EDFWHULD HQDEOHG85 
DSSUR[LPDWHO\  WLPHV PRUH ELRDFFXPXODWLRQ RI WKH SROOXWDQW SHU FHOO WKDQ FHOO VXUIDFH86 
DGVRUSWLRQ7KHUHIRUHLQWUDFHOOXODUDFFXPXODWLRQRIWDUJHWHOHPHQWVZLWKLQPDJQHWRWDFWLFEDFWHULD87 
RIIHUV WKH PRVW SURPLVLQJ V\VWHP IRU ELRUHPHGLDWLRQ GXH WR WKH XQLTXH DGYDQWDJHV RI ERWK88 
PDJQHWLF PDQLSXODWLRQ ZLWK H[WHUQDO PDJQHWLF ILHOG DQG RI HIIHFWLYH WDUJHW PROHFXOH89 
DFFXPXODWLRQ90 
 6HOHQLXP6H LVDUDUHHOHPHQWRIKLJKXVH LQ LQGXVWU\ WRSURGXFHYDULRXVYDOXDEOHPDWHULDOV91 
EHFDXVHRILWVXQXVXDOVHPLFRQGXFWLQJDQGSKRWRRSWLFDOSK\VLFDOSURSHUWLHV7KHLQFUHDVHG92 
XVHRI6HKDVOHGWRLWVULVLQJSULFHDQGLWVLQFUHDVHLQZDWHUFRQWDPLQDWLRQZKLFKLVLQGDQJHURI93 
SUHVHQWLQJERWKDQHFRORJLFDODQGKXPDQKHDOWKULVN7KHUHIRUHWKHJURZLQJGHPDQGIRU94 
6H LQ LQGXVWULDO WHFKQRORJLHV DQG WKH LQFUHDVHG SROOXWLRQ HIIHFWV RI LWV E\SURGXFWV LQWR DTXDWLF95 
HQYLURQPHQWVLVUHQGHULQJWKHUHFRYHU\DQGUHF\FOLQJRIWKLVYDOXDEOHHOHPHQWDYHU\DWWUDFWLYH96 
JOREDOSURSRVLWLRQ,QDTXHRXVHQYLURQPHQWVVHOHQLXPLVJHQHUDOO\IRXQGDVWKHWR[LFR[\DQLRQV97 
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VHOHQDWH 6H2 9, DQG VHOHQLWH 6H2 ,9 7KH VHOHQLXP R[LGH LRQV FDQ DGVRUE98 
H[WUDFHOOXODUO\WRWKHFHOOVXUIDFHVRIPLFURRUJDQLVPV,QDGGLWLRQVRPHPLFURRUJDQLVPV99 
LQWKHHQYLURQPHQWSRVVHVVYDULRXVVWUDWHJLHVRIGHWR[LILFDWLRQVXFKDVPHWK\ODWLRQDVVLPLODWLRQ100 
DVVHOHQRDPLQRDFLGDQGUHGXFWLRQWKDWFRXOGSURYLGHWKHSRWHQWLDOWRHIIHFWLYHO\DFFXPXODWH6H101 
ZLWKLQWKHFHOO102 
 ,QWKLVVWXG\ZHLQYHVWLJDWHWKHPLQLPXPLQKLELWRU\FRQFHQWUDWLRQ0,&RIVHOHQLXPR[\DQLRQ103 
6H2 IRU WKH PDJQHWRWDFWLF EDFWHULXP M. magneticum $0% WKH HIIHFW RI WKLV DQLRQ RQ104 
PDJQHWLWH FU\VWDO V\QWKHVLV DQG LI XSWDNHQ ZKHWKHU WKH 6H GRSHV LQWR WKH PDJQHWLWH FU\VWDOV105 
VLPLODU WR WKH &R DQG 0Q SUHYLRXVO\ UHSRUWHG   RU IRUPV GLVFUHWH FU\VWDOVLQFOXVLRQV106 
ZLWKLQ WKH FHOOV VLPLODU WR WKH 7H VWXG\  )LQDOO\ WKH PDJQHWLF UHFRYHU\ RI 6H XVLQJ107 
PDJQHWRWDFWLFEDFWHULDLVLQYHVWLJDWHG108 
109 
0$7(5,$/6$1'0(7+2'6110 
'HWHUPLQDWLRQ RI WKH PLQLPXP LQKLELWRU\ FRQFHQWUDWLRQ 0,& RI 6HOHQLWH LRQ IRU M. 111 
magneticum $0% JURZWK M. magneticum $0% $7&&  ZDV112 
PLFURDHURELFDOO\FXOWXUHGLQPDJQHWLFVSLULOOXPJURZWKPHGLXP06*0DW&DVSUHYLRXVO\113 
GHVFULEHG0LFURDHURELFFRQGLWLRQVZHUHHVWDEOLVKHGE\SXUJLQJWKHFXOWXUHVZLWKDUJRQJDV114 
7KH 0,& RI VHOHQLXP IRU M. magneticum $0% LQ 06*0 ZDV GHWHUPLQHG E\ JURZLQJ WKH115 
FHOOVLQYDULRXVLQLWLDOFRQFHQWUDWLRQVRIVHOHQLWHVDOW1D6H2FRQWURO116 
 DQG  0 7KH FHOOV ZHUH GLUHFWO\ FRXQWHG ZLWK D KHPDF\WRPHWHU XQGHU DQ RSWLFDO117 
PLFURVFRSH /HLFD '0/ DIWHU  GD\V FXOWXUH $GGLWLRQDOO\ WKH RSWLFDO GHQVLW\ 2' ZDV118 
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UHFRUGHG119 
7UDQVPLVVLRQHOHFWURQPLFURVFRS\7(0DQGHQHUJ\GLVSHUVLYH;UD\(';VSHFWURPHWU\120 
DQDO\VHVRIM. magneticum$0%JURZQLQWKHSUHVHQFHRI6H2&XOWXUHGEDFWHULDOFHOOV121 
KDUYHVWHG IURP PHGLXP ZHUH ZDVKHG ZLWK 0LOOL4 WKUHH WLPHV DQG VSRWWHG RQWR PHVK122 
)RUPYDU&DUERQFRDWHGFRSSHUJULGV$JDU6FLHQWLILF/WG7KHVDPSOHVZHUHDQDO\]HGE\7(0123 
RSHUDWHGDW DQDFFHOHUDWLQJYROWDJHRIN93KLOLSV&0+LJK UHVROXWLRQ7(0LPDJLQJ124 
DQG DQDO\VLV ZHUH FRQGXFWHG RQ D )(, &0 ILHOG HPLVVLRQ JXQ 7(0 UXQQLQJ DW  N9125 
HTXLSSHG ZLWK DQ 2[IRUG ,QVWUXPHQWV ('; VSHFWURPHWHU DQG D *DWDQ ,PDJLQJ )LOWHU (';126 
DQDO\VLV ZDV FRQGXFWHG IRU DW OHDVW  FU\VWDOV LQ GLIIHUHQW FHOOV XQGHU WKH VDPH H[SHULPHQWDO127 
FRQGLWLRQVZLWKUHSUHVHQWDWLYHVSRWGDWDVKRZQ128 
6HDFFXPXODWLRQ LQM. magneticum$0%7RHYDOXDWH WKHDPRXQWRIXSWDNHDQGDGVRUEHG129 
6H2LQRQWRFHOOVDQDWRPLFDEVRUSWLRQVSHFWURSKRWRPHWHU6KLPDG]X$$*ZDVXVHG130 
$IWHU WKHFHOOVZHUHFROOHFWHGE\FHQWULIXJDWLRQRU LQ WKHFDVHRI WKHPDJQHWLFUHFRYHU\DVVD\131 
FROOHFWLRQ E\ PDJQHWLF WUDS LQ D JODVV WHVW WXEH WKH SUHFLSLWDWHV ZHUH ZDVKHG  WLPHV ZLWK132 
+(3(6EXIIHUS+GULHGDQGWKHQGLVVROYHGZLWKQLWULFDFLGVROXWLRQ1ZLWKKHDWLQJRQ133 
LQ RLO EDWK $IWHU GLVFDUGLQJ WKH VXSHUQDWDQW WKH FHOOV ZHUH GLVVROYHG ZLWK VDPH SURFHGXUH DV134 
GHVFULEHG DERYH 7KH GLVVROYHG VROXWLRQV ZHUH TXDQWLWDWLYHO\ DQDO\]HG E\ DWRPLF DEVRUSWLRQ135 
VSHFWURSKRWRPHWU\ XVLQJ D FDOLEUDWLRQ FXUYH GHULYHG IURP VWDQGDUG VROXWLRQV $OO DVVD\V ZHUH136 
SHUIRUPHGWKUHHWLPHV137 
0DJQHWLFUHFRYHU\DVVD\RIPDJQHWRWDFWLFEDFWHULDJURZQLQWKHSUHVHQFHRIVHOHQLWHLRQV138 
7R YHULI\ WKH DELOLW\ RI ELRPDJQHWLF UHFRYHU\ RI M. magneticum $0% LQ WKH SUHVHQFH RI139 
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6H2XVLQJPDJQHWLFIRUFHDPDJQHWLFFHOOUHFRYHU\DVVD\ZDVFRQGXFWHG7KH M. magneticum140 
$0% ZLOG W\SH VWUDLQ ZDV KDUYHVWHG DW WKH ODWH ORJDULWKPLF SKDVH RI JURZWK FHOOV ZHUH141 
FRXQWHG DQG DGMXVWHG WR î FHOOVPO RI 06*0 LQ WKH SUHVHQFH RI WKH 6H2 DW GLIIHUHQW142 
FRQFHQWUDWLRQVDQG07KUHHPLOOLOLWHUVRIHDFKVDPSOHZDVWKHQWUDQVIHUUHGWR143 
VHSDUDWH JODVV WHVW WXEHV 'LDPHWHU  PP +HLJKW  FP HDFK RI ZKLFK ZDV VHDOHG ZLWK D144 
UXEEHU FRUN &\OLQGULFDO QHRG\PLXPERURQ PDJQHWV 'LDPHWHU  PP +HLJKW  FP ZHUH145 
SODFHGRQ WKH H[WHULRU RI WKHKRUL]RQWDO FHQWUHRI HDFK WHVW WXEH WR DOORZFHOO UHFRYHU\ WR WDNH146 
SODFH$WWKHGHVLJQDWHGWLPHVDQGKFXOWXUHPHGLXPZDVFROOHFWHGE\147 
LQVHUWLQJDV\ULQJHWKURXJKWKHUXEEHUFRUNDQGH[WUDFWLQJFXOWXUHPHGLXPOIURPDURXQG148 
WKH ZDWHU VXUIDFH $ FHOO FRXQW ZDV SHUIRUPHG DJDLQVW WKH H[WUDFWHG FXOWXUH PHGLXP VDPSOHV149 
$IWHU WKHPDJQHWLFVHSDUDWLRQ WKHDPRXQWRIXSWDNHDQGDGVRUEHG6H2 LQRQWRPDJQHWLFDOO\150 
PDQLSXODWHG FHOOV ZDV HYDOXDWHG XVLQJ DQ DWRPLF DEVRUSWLRQ VSHFWURSKRWRPHWHU 6KLPDG]X151 
$$*,QDGGLWLRQWKHPDJQHWLFDOO\FROOHFWHGFHOOVDQG6HFRQFHQWUDWLRQZHUHPHDVXUHGDW152 
WKHHQGSRLQWIRUIXUWKHUYHULILFDWLRQ153 
154 
5(68/76$1'',6&866,21155 
(IIHFW RI 6H2 RQ FHOO JURZWK DQG RQ PDJQHWLWH ELRPLQHUDOLVDWLRQ LQ M. magneticum 156 
$0%7KHHIIHFWRIVHOHQLXPR[\DQLRQ6H2RQWKHJURZWKRIM. magneticum$0%ZDV157 
LQYHVWLJDWHGDWYDULRXVFRQFHQWUDWLRQV)LJ&HOOVFXOWXUHGLQ06*0FRQWDLQLQJDQG0158 
6H2VKRZHGVLPLODUJURZWKUDWHVZLWKVWDWLRQDU\SKDVHFHOOGHQVLWLHVRIDSSUR[LPDWHO\î159 
FHOOVPO&HOOJURZWKZDVQHJDWLYHO\DIIHFWHGE\WKHLQFUHDVHRI6H2FRQFHQWUDWLRQDQGQR160 
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FHOOJURZWKZDVIRXQGDW07KH0,&RIVHOHQLXPR[\DQLRQ IRU M. magneticum$0%161 
ZDV GHWHUPLQHG WR EH  0 XQGHU WKHVH H[SHULPHQWDO FRQGLWLRQV 7KH UHVXOW LQGLFDWHG WKDW162 
6H2 LV PLOGO\ WR[LF WR WKLV EDFWHULD FRPSDUHG ZLWK WKH RWKHU FKDOFRJHQ WHOOXULXP R[\DQLRQ163 
HJ0,& 0$VE. coliKDVD0,&RIP06H2M. magneticum $0%LV164 
OHVV UHVLVWDQW WR WKLV HOHPHQW6LPLODUREVHUYDWLRQVKDYHEHHQSUHYLRXVO\ IRXQGZLWK UHVSHFW WR165 
&R1LDQG&XVKRZLQJDSSUR[LPDWHO\OHVVUHVLVWDQFHWKDQE. coli ,WLVRIQRWH166 
WKDW OLJKWRUDQJH FRORUV GHYHORSHG GXULQJ WKH FHOO JURZWK LQ WKH SUHVHQFH RI 6H2 6LPLODU167 
REVHUYDWLRQV ZHUH UHSRUWHG LQ YDULRXV VHOHQLWHUHGXFLQJ EDFWHULD   7KH HIIHFW RI WKH168 
FKDOFRJHQRQPDJQHWLWHFU\VWDOIRUPDWLRQLQPDJQHWRWDFWLFEDFWHULDZDVDOVRLQYHVWLJDWHG)LJ169 
7KHUHVXOWVKRZHGDJUDGXDOGHFUHDVHRIPDJQHWRVRPHVZLWKWKHLQFUHDVHRI6H2FRQFHQWUDWLRQ170 
EXWPDJQHWLWHIRUPDWLRQZDVREVHUYHGHYHQLQWKHSUHVHQFHRIKLJKFRQFHQWUDWLRQV0RI171 
6H2 ,Q DGGLWLRQ RSWLFDO PLFURVFRS\ VKRZHG WKDW DSSUR[LPDWHO\  DQG  RI FHOOV172 
JURZQLQ WKHSUHVHQFHRI0DQG0RI6H2 UHVSHFWLYHO\UHVSRQGHG WR WKHH[WHUQDO173 
PDJQHWLFILHOG174 
2EVHUYDWLRQRIGLVFUHWHIRUPDWLRQRIPDJQHWLWHFU\VWDOVDQG6HJUDQXOHLQM. magneticum175 
$0%JURZQLQWKHSUHVHQFHRI6H2)LJXUHDVKRZVUHSUHVHQWDWLYHWUDQVPLVVLRQHOHFWURQ176 
PLFURVFRSH 7(0 LPDJHV RI M. magneticum $0% JURZQ LQ WKH SUHVHQFH  0 DQG177 
DEVHQFH RI 6H2 LQ WKH 06*0 PHGLXP $SSUR[LPDWHO\  LQGHSHQGHQW VSKHULFDO JUDQXOHV178 
aQPGLDPHWHUZHUHREVHUYHGLQWKHFHOOJURZQLQWKHSUHVHQFHRI6H2)LJDZKLOH179 
DOOFHOOVUHYHDOHGWKHSUHVHQFHRIWKHPDJQHWLWHFU\VWDOVLQDFKDLQVWUXFWXUH7KHQXPEHUDQGVL]H180 
RI6H LQFOXVLRQVZLWKLQ WKHFHOO LQFUHDVHGZLWK LQFUHDVLQJ LQLWLDO FRQFHQWUDWLRQRI6H2 LQ WKH181 
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PHGLXP ,QDSUHYLRXV VWXG\ZHKDYHREVHUYHG WKHGRSLQJRI VRPHPHWDOV &X0QDQG&R182 
LQWR EDFWHULDO PDJQHWLWH FU\VWDO XQGHU ODERUDWRU\FRQWUROOHG FRQGLWLRQV  +RZHYHU LQ WKLV183 
VWXG\WKHHOHPHQWDOPDSSLQJVKRZHGQRVLJQDOIURP6HLQPDJQHWLWHFU\VWDOV)LJE7RYHULI\184 
WKH HOHPHQWDO FRPSRQHQWV LQ WKHVH 6H SDUWLFOHV 67(0('; VSRW VSHFWUD ZHUH UHFRUGHG DQG185 
VKRZHG6HZDV WKHRQO\HOHPHQWSUHVHQWWKH&XZDVIURPWKH7(0JULG)LJEDQGF1R186 
R[\JHQ ZDV GHWHFWHG LQIHUULQJ WKH LQFOXVLRQV DUH FRPSRVHG RI SXUH HOHPHQWDO 6H  ZKLFK187 
VHHPVWREHUHGXFHGDQGSUHFLSLWDWHGIURP6H2LQWKHFHOO6HOHQLXPLVDJURXSQRQPHWDO188 
FKDOFRJHQV QHLJKERUHG E\ VXOIXU DQG WKH PHWDOORLG WHOOXULXP 7KLRVXOIDWH 62 WHOOXULWH189 
7H2DQGVHOHQLWH6H2DUHSURSRVHGWREHWDNHQXSE\EDFWHULDDQGUHGXFHGWRHOHPHQWDO190 
67HDQG6HUHVSHFWLYHO\7KLVLVVXSSRUWHGE\WKHIDFWWKDW6JOREXOHVDUHSUHVHQW191 
LQ PDQ\ PLFUREHV LQFOXGLQJ PDJQHWRWDFWLF EDFWHULD   DQG ZH KDYH DOVR UHSRUWHG WKH192 
IRUPDWLRQRI7HQDQRFU\VWDOVLQPDJQHWRWDFWLFEDFWHULDLQGHSHQGHQWIURPWKHPDJQHWRVRPH193 
+HUH ZH VKRZ IRU WKH ILUVW WLPH WKDW PDJQHWRWDFWLF EDFWHULD XSWDNH UHGXFH DQG LQWUDFHOOXODUO\194 
IRUPGLVFUHWH6HJUDQXOHVLQGHSHQGHQWWRPDJQHWRVRPHVVLPLODUWR7HFU\VWDOSUHFLSLWDWLRQLQWKH195 
VDPH RUJDQLVP  7KH JUDQXOHV ZHUH H[DPLQHG E\ KLJKUHVROXWLRQ 7(0 ZLWK VHOHFWHG DUHD196 
HOHFWURQGLIIUDFWLRQZKLFKVKRZHGDGLIIXVHSDWWHUQUHYHDOLQJWKHDPRUSKRXV6HVWUXFWXUH197 
7LPHFRXUVHPHDVXUHPHQWVRI6HDFFXPXODWLRQLQM. magneticum$0%7KHWLPHFRXUVH198 
RI 6H DFFXPXODWLRQ LQ PDJQHWRWDFWLF EDFWHULD ZDV PHDVXUHG )LJ  7KH FHOO JURZWK DQG 6H199 
DFFXPXODWLRQ ZHUH VDWXUDWHG ZLWKLQ  GD\V DQG WKH 6H XSWDNH LQ FHOOV PDLQO\ RFFXUUHG LQ WKH200 
VWDWLRQDU\SKDVHIRUFHOOVJURZQLQ0RI6H28QGHUWKLVFRQGLWLRQRIWKHLQLWLDO201 
6H0ZDVDFFXPXODWHGE\WKHFHOOVZKLFKDFFRXQWVWRî6HDWRPVSHUFHOO,QWKH202 
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FDVHRI7HDFFXPXODWLRQIRXQGLQWKHSUHYLRXVVWXG\WKHPRVWHIIHFWLYHFRQGLWLRQUHYHDOHGWKDW203 
î 7H DWRPV ZHUH DFFXPXODWHG SHU FHOO ZKLFK LQGLFDWHV WKDW  WLPHV PRUH 6H LV204 
DFFXPXODWHG WKDQ 7H )XUWKHUPRUH VXUIDFH KH[DKLVWLGLQH H[SUHVVLQJ PRGLILHG $0% FHOOV205 
KDYH SUHYLRXVO\ EHHQ VKRZQ WR DGVRUE &G RQWR WKHVH VLWHV RQ WKH FHOO VXUIDFH VKRZLQJ WKH206 
DGVRUSWLRQRIîPHWDOLRQV7KHUHIRUHDQGWLPHVPRUH6HZDVDFFXPXODWHGZKHQ207 
FRPSDUHGWR7HLQFHOODQG&GDGVRUSWLRQRQWRFHOOVXUIDFH7KHVHUHVXOWVKLJKOLJKWWKHJUHDWHU208 
ORDGLQJRIHOHPHQWDO6HLQWR$0%FHOOVWKDQDQ\RWKHUPHWDOORLGRUQRQIHUURXVPHWDO209 
%LRPDJQHWLF UHFRYHU\ RI 6H2 XVLQJ M. magneticum $0% 0DJQHWRWDFWLF EDFWHULD210 
KDUERULQJRXU WDUJHWHOHPHQW 6H IRU UHFRYHU\FDQEHPDQLSXODWHGDQG LVRODWHGE\DQH[WHUQDO211 
PDJQHWLFILHOGVLJQLILFDQWO\PDJQLI\LQJWKHELRUHPHGLDWLRQSRWHQWLDORI WKHVHFHOOVIRU WDUJHWHG212 
UHFRYHU\ IURP SROOXWHG ZDWHU HQYLURQPHQWV +HUHLQ ELRPDJQHWLF UHFRYHU\ RI PDJQHWRWDFWLF213 
EDFWHULDJURZQLQWKHSUHVHQFHRI6H2ZDVFRQGXFWHG7KHUHVXOWVKRZQLQ)LJUHYHDOHGWKDW214 
DOPRVWDOOFHOOVJURZQLQ06H2ZHUHVXFFHVVIXOO\UHFRYHUHGZLWKLQKRXUV7KHWLPHIRU215 
PDJQHWLF UHFRYHU\ RI FHOOV JUDGXDOO\ LQFUHDVHG ZLWK LQFUHDVLQJ FRQFHQWUDWLRQ RI 6H2 7KLV216 
VHHPV WREH WKH UHVXOWRI WKHGHFUHDVLQJTXDQWLWLHVRIPDJQHWLWHXQGHUKLJKHU6HFRQFHQWUDWLRQ217 
FRQGLWLRQV )LJ  +RZHYHU HYHQ LQ WKH SUHVHQFH RI  0 6H2 DSSUR[LPDWHO\  RI218 
PDJQHWRWDFWLF EDFWHULD ZHUH PDJQHWLFDOO\ UHFRYHUHG ZLWKLQ  KRXUV 7R FRQILUP WKH219 
ELRPDJQHWLFUHFRYHU\RI6HWKHDPRXQWRI6HIURPPDJQHWLFDOO\UHFRYHUHGKDUYHVWHGFHOOVZDV220 
PHDVXUHGDQGUHYHDOHGî6HDWRPVSHUFHOOUHFRYHU\7KRXJKVRPH6HZDVORVWGXULQJWKH221 
UHFRYHU\SURFHVVî6HDWRPVDIWHUUHFRYHU\WKHUHVXOWFOHDUO\VKRZVWKDWPDJQHWRWDFWLF222 
EDFWHULDFRXOGEHDSSOLHGLQELRPDJQHWLFUHFRYHU\RI6HIURP6H2FRQWDLQLQJZDWHU:HQRWH223 
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WKDW D PRUH HIIHFWLYH UHFRYHU\FRXOGEH HVWDEOLVKHGE\SURFHVVRSWLPL]DWLRQ HJ FHOO QXPEHU224 
YHVVHOVL]HDQGPDJQHWLFIRUFHHQKDQFHPHQW225 
 &XUUHQW JHQHWLF DQG HQYLURQPHQWDO PLFURELRORJLFDO UHVHDUFK VKRZV WKDW PDJQHWLF SDUWLFOH226 
SURGXFWLRQZLWKLQEDFWHULDRFFXUVDFURVVDGLYHUVHJURXSRIEDFWHULDOVSHFLHV,QIDFWWKHJHQHWLF227 
UHJLRQ FRUUHVSRQGLQJ WR PDJQHWRVRPH IRUPDWLRQ FDOOHG PDJQHWRVRPH LVODQG 0$, LV IRXQG228 
ZLWKLQPLFUREHVVSUHDGDFURVVWKHSK\ORJHQHWLFWUHH$VM. magneticum$0%GRHVQRWVKRZ229 
VWURQJUHVLVWDQFHWR6H2)LJDPDJQHWRWDFWLFEDFWHULDOVSHFLHVZLWKKLJKHUWROHUDQFHDQG230 
HIIHFWLYHDFFXPXODWLRQRIWDUJHWPROHFXOHFRXOGEHIRXQGDQGXVHGWRLPSURYHWKHELRPDJQHWLF231 
UHFRYHU\ LGHQWLILHG HLWKHU IURP HQYLURQPHQWV ORFDO WR WKH ELRUHPHGLDWLRQ VLWH RU WKURXJK232 
HYROYLQJ FRQGLWLRQV WR WKRVH VLPLODU WR WKH SROOXWHG HQYLURQPHQW IRU D UDQJH RI FDQGLGDWH233 
PDJQHWRWDFWLF EDFWHULD ,Q DGGLWLRQ UHFHQWO\ PDJQHWRVRPH IRUPDWLRQ ZDV HQDEOHG LQ DQRWKHU234 
EDFWHULDO VSHFLHV E\ DUWLILFLDOO\ WUDQVIHUULQJ NH\ JHQHWLF UHJLRQV RI WKH 0$, LQWR WKH KRVW235 
RUJDQLVP  7KHUHIRUH WKH LQGXFWLRQ RI PDJQHWRVRPH IRUPDWLRQ ZLWKLQ NQRZQ EDFWHULD236 
VKRZLQJ KLJK UHVLVWDQFH WR WDUJHW HOHPHQW LV DQRWKHU SURPLVLQJ DSSURDFK WR LPSURYH WKH237 
ELRPDJQHWLFUHFRYHU\HIILFLHQF\238 
,Q FRQFOXVLRQ LQ WKLV VWXG\ ZH VKRZHG WKH ILUVW DFFRXQW RI DPRUSKRXV HOHPHQWDO 6HSDUWLFOH239 
IRUPDWLRQ IURP WKH UHGXFWLRQ RI 6H2 ZLWKLQ WKH PDJQHWRWDFWLF EDFWHULDO FHOO FRPSOHWHO\240 
LQGHSHQGHQWRI WKHFU\VWDOOL]DWLRQRIPDJQHWLWHZLWKLQ WKHFHOOV¶PDJQHWRVRPHV7KHFHOOVZHUH241 
DFFXPXODWHGWKHKLJKHVWDPRXQWRI6HFRPSDUHGWRDQ\RWKHUIRUHLJQHOHPHQWV)RUH[DPSOH242 
DQGWLPHVPRUH6HZDVDFFXPXODWHGDVFRPSDUHGWR7HLQFHOOVDQG&GDGVRUSWLRQRQWRFHOO243 
VXUIDFHV,PSRUWDQWO\WKH6HDFFXPXODWLQJEDFWHULDZHUHVXFFHVVIXOO\UHFRYHUHGZLWKDQH[WHUQDO244 
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PDJQHWLF ILHOG 7KHUHIRUH ZH EHOLHYH PDJQHWRWDFWLF EDFWHULD KDYH WKH XQLTXH DGYDQWDJH RI245 
ELRPDJQHWLFFHOOUHFRYHU\SURYLGLQJDQHZHIIHFWLYHPHWKRGRORJ\IRUELRUHPHGLDWLRQRISROOXWHG246 
ZDWHUDQGDGGLWLRQDOSRWHQWLDOWRXWLOL]HWKHSROOXWDQWSURGXFWIRUIXUWKHUPDWHULDODSSOLFDWLRQV247 
248 
$&.12:/('*0(176249 
 07 WKDQNV WKH5R\DO6RFLHW\8.IRU WKH IXQGVXQGHU WKH1HZWRQ LQWHUQDWLRQDO IHOORZVKLSV250 
VFKHPH7KLVZRUNZDVVXSSRUWHGE\/HHGV(365&1DQRVFLHQFHDQG1DQRWHFKQRORJ\)DFLOLW\251 
/(11) DQG WKH 8QLYHUVLW\ RI /HHGV 6FKRRO RI 3K\VLFV VXPPHU SURJUDPPH DV ZHOO DV252 
FRQWULEXWLRQV IURPD*UDQWLQ$LG IRU6FLHQWLILF5HVHDUFK 6 1RSURYLGHGE\ WKH253 
-DSDQ6RFLHW\IRUWKH3URPRWLRQRI6FLHQFH-636:HZRXOGOLNHWRWKDQN3URI/LDQH%HQQLQJ254 
DQG'U-HDQ,QJUDP8QLYHUVLW\RI/HHGVIRUVXSSRUWLQJEDFWHULDOFXOWXUHZRUNV255 
 07$$6%66DQG70FRQFHLYHGDQGGHVLJQHGWKHH[SHULPHQWV07:.5%256 
1+DQG66SHUIRUPHGWKHH[SHULPHQWV$OODXWKRUVDQDO\]HGWKHGDWD07$$66DQG257 
70ZURWHWKHSDSHU$OODXWKRUVKDYHQRFRQIOLFWRILQWHUHVWGLUHFWO\UHOHYDQWWRWKHFRQWHQWRI258 
WKLVDUWLFOH259 
260 
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5()(5(1&(6261 
  $GDPV*2)XIH\LQ372NRUR6((KLQRPHQ,%LRUHPHGLDWLRQELRVWLPXODWLRQ262 
DQGELRDXJPHQWLRQ$5HYLHZ,QW-(QYLURQ%LRUHPHGLDWLRQ%LRGHJUDG±263 
  7RUGRII * %DNHU $- :LOOLV $  &XUUHQW DSSURDFKHV WR WKH UHYHJHWDWLRQ DQG264 
UHFODPDWLRQRIPHWDOOLIHURXVPLQHZDVWHV&KHPRVSKHUH±265 
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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)LJ   7ROHUDQFH RI M. magneticum $0% WR 6H2 DQG PDJQHWLWH QDQRSDUWLFOH344 
V\QWKHVLV345 
7KHQXPEHURIFHOOVԐDQGPDJQHWLWHFU\VWDOVԾJURZQLQGLIIHUHQWFRQFHQWUDWLRQV346 
DQG0RI6H2ZHUHGLUHFWO\FRXQWHG7RHYDOXDWH WKHQXPEHURI347 
PDJQHWLWHZLWKLQ WKHFHOOVRYHUFHOOV UDQGRPO\VHOHFWHGZHUHPDQXDOO\FRXQWHG(UURUEDUV348 
VKRZ6'V349 
350 
)LJ  7UDQVPLVVLRQHOHFWURQPLFURJUDSKVDQG67(0(';DQDO\VHV IRUPDJQHWLWHDQG351 
6HZLWKLQPDJQHWRWDFWLFEDFWHULD352 
D7(0PLFURJUDSKVRIPDJQHWRWDFWLFEDFWHULDJURZQLLQWKHSUHVHQFHRI6H20DQG353 
LL LQ LWV DEVHQFH &KDUDFWHULVWLF LQWUDFHOOXODU JUDQXOHV ZHUH LQGLFDWHG ZLWK DUURZV 6FDOH EDU354 
LQGLFDWHVQPE7(0LPDJHDQG67(0(';PDSVRI6H)HDQG2WDNHQXVLQJDSUREH355 
VL]HRIDSSUR[LPDWHO\QPF6SRW(';VSHFWUDRILDQGLL LQEDVDUHSUHVHQWDWLRQRI6H356 
DQGPDJQHWLWH7KH&XVLJQDOLVIURPFXSSHU7(0JULG357 
358 
)LJ  6H2UHPRYDOGXULQJPDJQHWRWDFWLFEDFWHULDOFHOOJURZWK359 
6H2 UHPRYDO XVLQJ PDJQHWRWDFWLF EDFWHULD ż DQG FHOO JURZWK ? ZDV HYDOXDWHG LQ WKH360 
SUHVHQFHRI06H2IRUGD\V7KHDYHUDJHYDOXHVIURPWKUHHLQGHSHQGHQWH[SHULPHQWV361 
ZHUHREWDLQHG(UURUEDUVVKRZVWDQGDUGGHYLDWLRQV362 
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)LJ   0DJQHWLF UHFRYHU\ DVVD\ RI 6H JUDQXOHFRQWDLQLQJ M. magneticum $0% 7KH364 
SHUFHQWDJH RI UHFRYHUHG FHOOV LV FDOFXODWHG IURP WKH LQLWLDO FHOO QXPEHUV  î PO E\365 
FRXQWLQJWKHQXPEHURIGLVSHUVHGFHOOVOHIWZLWKLQWKHFXOWXUHPHGLXP,QDGGLWLRQWKHQXPEHURI366 
FHOOV UHFRYHUHGE\PDJQHWLF IRUFHZDVDOVRYHULILHGE\FRXQWLQJ WKHFHOOV UHFRYHUHGDW WKHHQG367 
SRLQWVM. magneticum $0%ZDVFXOWXUHGDQGDVVD\HGZLWKWKHUHVSHFWLYHFRQFHQWUDWLRQVRI368 
6H26H2FRQFHQWUDWLRQ 0FRQWUROŶ0ż0ŸDQG0?369 
7KHDYHUDJHYDOXHVIURPWKUHHLQGHSHQGHQWH[SHULPHQWVZHUHREWDLQHG(UURUEDUVVKRZVWDQGDUG370 
GHYLDWLRQV371 
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